The formylation of naphthalene compounds, including 2-methylnaphthalene (1a), 1-methylnaphthalene (1b), 1,2,3,4-tetrahydro-2-methylnaphthalene (1c), and 5,6,7,8-tetrahydro-2-methylnaphthalene (1d), with pressurized CO was investigated in HF-BF3 medium at ambient temperature.
Introduction
Formylation of aromatic compounds are known to occur with mixtures of CO and hydrogen chloride in the presence of AlCl3 and a small amount of Cu2Cl2, i.e., Gattermann-Koch conditions1)-3). Other catalyst systems such as HF-BF34),5), and HF-SbF56) were also investigated relative to this reaction, and Olah and co-workers7) compared the reactivity and positional selectivity of various catalyst systems for formylation of an equimolar mixture of benzene and toluene. Among the most frequently used methods of Formylation, the Gatterman-Koch reaction displayed the highest selectivity as shown by the high rate ratio of toluene and benzene (kT/kB=155-319) observed, as well as a high degree of para substitution (88.7-92.6%)3). The authors previously reported results of studies on kinetics and mechanics of the formylation of aromatics, including toluene5a), m-xylene5b), anisole5c), and phenol5d), with CO in HF-BF3 medium in pressurized conditions.
The formylation with HF-BF3-CO selectivity (kT/kB=12), but exhibited a much higher positional selectivity (98% p-tolualdehyde), indicating that the HF-BF3-CO system produces a more reactive and bulky electrophilic species. The authors' continuing interest, both in the mechanism and synthetic usefulness of the superacid-catalyzed aldehyde synthesis, led us to this study on the formylation of naphthalene compounds.
Recently, Souma et al.8) have reported that the diformylation of polynuclear aromatic compounds, such as naphthalene and methylnaphthalenes, could be achieved using HF-SbF5 medium in pressurized CO (20atm It is of interest, therefore, to investigate whether or not the HF-BF3 medium is applicable to a selective formylation of 2-methylnaphthalene (1a) with CO (Eq. (1)). There were only a few patent literatures10), however, on the preparation of alkylformylnaphthalene compounds by the HF-BF3-catalyzed reaction of alkylnaphthalenes and CO. In this paper, authors would like to report on synthesis of 6-formyl-2-methylnaphthalene (2) in a specific high positional selectivity, on the formylation of 1a, in HF-BF3 medium under pressure of CO at ambient temperature.
Furthermore, the formylation of these methyltetralins to produce the corresponding formylated products, at high yield, are also reported.
Results and Discussion

2.1.
Formylation of 2-Methylnaphthalene (1a) In the authors' previous studies11), it was found that anhydrous HF-BF3 medium is a highly useful catalyst system for selective formylation of naphthalene, to produce 1-formylnaphthalene at excellent yield.
The formylation of 1a, in conditions similar to those of our previous studies produced a mixture consisting of several isomers as described in Eq. (1): i.e., when 1a (16mmol) was reacted with CO (50atm) in HF (2mol) under pressurized BF3 (6atm), as the standard conditions, 2, 1-formyl-2-methylnaphthalene (3), 4-formyl-2-methylnaphthalene (4), 8-formyl-2-methylnaphthalene (5), and 4-formyl-1-methylnaphthalene (6) were produced as the formylated products together with small amounts of some unidentified compounds. First, in order to search the optimum conditions for the formation of 2, the effect of the reaction temperature on the total yield and isomer distribution was examined under pressurized CO (50atm) and BF3 (6atm). As shown in The influence of the pressure of BF3 on the conversion of 1a, the total yield of aldehydes, and a) Conditions, 1a (16mmol), BF3 (6atm), HF (2mol), CO (50atm), 4h. b) Determined by GLC and based on 1a employed. c) Determined by GLC peak area ratio. d) Reaction time was 3h.
Here, the mole fraction of BF3 dissolved in anhydrous HF changes linearly relative to its partial pressure, in the range examined (i.e., both conversion and total yield increased, while a tendency to slightly descend in the selectivity of 2 was observed. The substantial optimum result, concerning the yield and selectivity of 2, was achieved at a pressure of about 2atm (corresponding to a mole ratio of BF3/1a=1.21 in solution).
It is noteworthy that the order of the distribution of isomer were not greatly affected by the pressure of BF3 in the range examined.
The affect of time on the distribution of product was examined, in order to clarify the feature of reaction.
The results are shown in Table 2 . It is noteworthy that the individual distribution of isomer is essentially unchanged throughout the reaction time examined, provided that the temsharply increased at an early stage (-1h), and then the reaction rate gradually decreased with progress of time (2-4h). This reaction was complete within about 2h, and afforded 2 in yield of 24%. The decrease in total yield at a later stage could be attributed to the polymerization via secondary reaction of the protonated aldehydes with the starting substrate 1a, by a mechanism similar to the case of toluene14).
The formylation of 1a in other acid media were further investigated.
As shown in Table 3 , the total yield and the isomer distribution, which varied directly with the acidity of the medium, and yields increased by increasing the acid: substrate mole ratios.
In contrast to the case of HF-BF3 medium, in the case of HF-SbF5 medium, which was known as the strongest superacid15), the addition of about 2.5 equivalent SbF5 to the substrate led to total yield of 90%; but the selectivity of 2 surprisingly plunged to a very low figure (4%), while the order of isomers distribution is Solvent often affects the positional selectivity of electrophilic substitution of aromatics. It has been reported that when Friedel-Crafts acylation is carried out in nitrobenzene16), which is presumed to increase steric requirement by solvation, the positions that are ordinarily subject to steric inhibition are positively avoided. In nitrobenzene solution of the HF-BF3 or HF-SbF5 (nitrobenzene/ HF=5/1), however, the formylations failed to produce aldehyde. On the other hand, when 1,1,2,-trichloro-1,2,2-trifluoroethane (Freon 113) or chlorobenzene was used as diluent (diluent/ HF=1/1) in HF-SbF5 medium, the selectivity of 2 was improved from 4 to 25%, in both cases, but the total yields were reduced, particularly in chlorobenzene solution (Runs 5 and 6). In CF3SO3H alone, the formylation also proceeded and attained total yield of 65%, but the selectivity of 2 was low (20%) (Run 7). In the case of SbF5-CF3SO3H (1:1) medium, even though diluted with Freon 113 substrate occurred, creating unidentified products b) Determined by GLC and based on 1a employed. c) Determined by GLC peak area ratio. and resulting in low product yield (9%) (Run 8).
The reference reaction using Gattermann-Koch medium, AlCl3-HCl, also produced mainly 1-formylated isomer 3 in selectivity of 44% but resulting in poor selectivity for 2 (7%) (Run 9). The HF-BF3 is a good acid medium for the formylation of 1a, in the light of the fact that this acid medium allows the formylation at 6-position with higher selectivity, unlike the other acid media at ambient temperature.
This characteristic, observed of the HF-BF3 medium, may be due to the steric effect, where the 6-and 7-positions are the only unhindered positions.
Among substitutions at these positions, the 6-substitution is expected to be more favorable since the reaction intermediate 1), where the 2-methyl group exerts stabilizing effect attributed to the contribution of structure 11 b in the resonance formula of 11. The active electrophile, therefore, is considered a bulky polarized, but not necessarily a free formyl cation [HCO+] . It is known that the Friedel-Crafts acetylation of 1a in nitrobenzene, which should be subject to serious steric hindrance, produces mainly the 6-derivative16).
2.2.
Formylation of 1-Methylnaphthalene (1b) In contrast to the reaction of 1a, the formylation of 1b proceeded with high positional selectivity affording a 4-formylated product 6 (96%), along with a small amount of by-product 2-formyl-1-methylnaphthalene (7) (4%) (Eq. (2)). Since the formyl group has been known to form an adduct complex with BF3, the preferential substitution at 4-position may be attributed to avoiding of the hindered 2-position because of bulkiness of the intermediate complex.
The isomerization product 1a and its formylation products were observed only in negligible amounts.
This suggests that the rate of isomerization of 1b to 1a is much slower than that of the formylation in conditions employed. similar in trends to that observed in the reaction of 1 a; an increase of the BF3 pressure (6atm) increased the total yield, while a decrease in the BF3 pressure (1atm) increased the selectivity of 6 (94%). Furand much unidentified tarry-matter was produced
Formylation of Methyltetralins
The formylation of tetralin compounds with CO was also examined. Especially, the formylation of 1,2,3,4-tetrahydro-2-methylnaphthalene (1c) (Eq. (3)) for the synthesis of 1,2,3,4-tetrahydro-2-methyl-6-formyl-naphthalene (8) is interesting, because the product 8 can be a precursor of a commercially important material, 2,6-naphthalenedicarboxylic acid. As shown in Table 5 , the reaction of 1c produced efficiently a mixture of 8 and its isomer 1,2,3,4-tetrahydro-2-methyl-7-formyl-naphthalene (9) in ca. 1:1 ratio; this ratio was little affected by change in the pressures of BF3 (3-5atm), CO (5-50atm), and temperature in the The formylation of 5,6,7,8-tetrahydro-2-methylnaphthalene (1d) in similar conditions produced exclusively 3-formylated compound, 5,6,7,8-tetrahydro-2-methyl-3-formylnaphthalene (10), in yield of 84% (Run 6 in Table 5 ) (Eq. (4)). (4) The reactivity of the tetrahydronaphthalenes closely resembles that of o-xylene in acylation3), i.e., the formyl group was exclusively introduced into the para-positions of a carbon substituted by fused-ring (6-or 7-positions for 1c and 3-position for 1d).
It was known that the Gattermann-Koch formylation is an electrophilic substitution reaction and the formyl group is introduced into the para-position of an alkyl group with high positional selectivity.
The high para positional selectivity in the Gattermann At equilibrium, composition of the isomers was practically invariable, throughout the temperature range employed (85% 1a and 15% 1b) (Fig. 2) . Even in the absence of BF3, i.e., with HF indicates, that the presence of BF3 as a promoter is not a prerequisite for the occurrence of isomerization.
The isomerization rate with HF alone, however, was much slow at ambient temperature.
Disproportionation of the methylnaphthalenes was not observed in the present conditions. These results support that the formation of isomer 6 in the formylation of 1a was easily affected by the temperature, as shown in Table 1 .
2.5.
Correlation with Basicity and Rate The relative basicity of the methylbenzenes in HF-BF3 medium was reported in several papers19). In order to compare the basicity and the apparent formylation rate of 1a with other aromatics, the initial formylation rate (v0) of 1a was directly results are shown in Table 6 , together with some previously reported data5),11) for comparison. From a noncompetitive study on initial rate of 1 a, the initial rate of the formylation was of firstorder, with respect to the concentration of the substrate, to the partial pressures of CO, and to that of BF3, respectively20).
The initial rate (v0) of 1a is about 1/216th that of naphthalene, although the basicity of 1a is about 400 times greater than that of naphthalene19c).
Such an inverse correlation was also found in the cases of alkylbenzenes: although the basicity of mesitylene is much greater than that of other alkylbenzenes examined, its apparent initial rate is the smallest11).
Recently 
Experimental
The starting aromatic materials were of highest purity available and were used without further purification.
HF (Daikin Kogyo), BF3 (Hashimoto Kasei), SbF5 (Aldrich), and CF3SO3H (Nacalai Tesque) were as received.
CO gas was prepared by decomposition of formic acid with hot concentrated sulfuric acid, washed with aqueous caustic soda and compressed into the reservoir to desired pressure.
A GC-3900 chromatograph Yanako, equipped with a SIC 7000AS integrator, was used for GC analyses.
A 50m capillary column, packed with OV-1701 or KOCL-1000T, was used for determining isomer distribution.
1. General Procedure for the Formylation
Typical procedure follows; a 100ml stainless steel autoclave equipped with a magnetic stirrer, baffle, and sampling line is charged with 1a (16mmol) and a liquefied HF (2mol).
After the autoclave attaines the experimental temperature by vigorous stirring to establish equilibrium (usually 30min) and then pressure of CO (50atm) was then raised. After the completion of reaction (2h), the autoclave is depressurized and opened, and the reaction mixture is quenched in ice-water/ bicarbonate and thrice extracted with benzene and dried over MgSO4.
Products are analyzed by comparison of the GC, MS (GC-MS), and 1H-NMR analysis with those of reagents. The total yield of aldehydes is determined by alkali titration of feed HCl in the oxime formation25).
The selectivity of products and the amount of an unreacted substrate are determined by GC using an internal standard method. In these conditions, the reaction solution is retained as a homogeneous solution.
Immediately after CO gas was introduced up to 1-5atm, the stirring (1500rpm; reaction-controlled condition) was started and the time was recorded as the zero of reaction time.
The stirring was stopped, from time to time, and a sample (ca. 2ml) was withdrawn through the sampling line into a trap chilled in a ice-bath within 30s.
To keep the pressure constant during the reaction, CO gas was supplied.
The products were analyzed according to the above method.
This kinetic study was limited to only the initial stage of the reaction because BF3 forms a complex with produced aldehydes that changes composition of the solution.
The initial rate v0 was determined from the experimental equation, y=at2+bt, were y=yield of total aldehyde (mol%), t=reaction time (min), and a and b=constants.
Further, the initial rate, vo=(dy/dt)o=b(min-1).
